Basic characteristics of electric resistance welding (ERW) were studied by using a Bead Shape meter and a temperature distribution measuring system with a silicon photodiode array in order to establish the controlling technique of ER W. Based on the information from these studies, the integrated heat control system, which is composed of on-line bead shape monitoring system and the automatic temperature distribution control system, has been developed. These systems were installed in small, medium and large diameter pipe mills.
I. Introduction
In an ERW of tubes and pipes, heat input has been controlled manually by operators through " color of heated zone and shape of bead ". But the reliability and the stability of the welding quality by manual control is not satisfactory for manufacturing high grade pipes such as ERW high-test line pipe, ERW tubing and casing.
In manufacturing the high grade and thick wall pipes the allowable range of the heat input is narrow, and controlling the heat input is difficult.
When the heat input is lower than the allowable range, the cold weld which cannot be detected by nondestructive testing often appears. When the heat input is higher than the allowable range, penetrators often remain in the welded surface. Therefore it is very important to control the heat input in the allowable range, but there has been no useful online control system of heat input.
Recently, various kinds of measuring techniques of ERW conditions have been tried to apply. Figure  1 shows a classification of the controlling techniques in ERW process.
At the beginning of the application of these techniques, an automatic control of the welding temperature has been applied to ERW operation, mainly in small diameter ERW tube mills. But this technique is not useful in medium and large diameter pipe mills, because the control by means of welding temperature has two basic problems. The first problem is that the welding temperature has not the oneto-one relation with heat input in a high heat condition, and the second is that the optimum welding temperature is affected by the welding speed and the amount of an upsetting. So the improvement of the measurement of welding temperature has been still executed.3~ On the other hand, the welding phenomenon in ERW had been classified into three kinds of phenomenal types depending on the heat input.1) The apex point of V-convergency zone moves forward and backward cyclically during welding depending on the heat input. When the heat input is low, the cyclic period is very short or the cyclic movement can not be observed. The period increases with increasing the heat input and the molten metal appears along the V-convergency zone. From these phenomenon of ERW, the method of monitoring heated V-shape directly by ITV has been tried to apply for the control of heat input, but with this system the operator cannot clearly judge the optimum condition of heat input. Then the method of detecting the changing ratio of the frequency of ERW current has been developed for heat control.2> But this method has a disadvantage that the changing ratio of frequency by the instability of forming such as the waviness of the strip edge and also the instability of forming at front and back end of strip. This method is also hard to be utilized in the control of heat input especially for large sized pipes. Although the bead shape gives important informations on judging the optimum welding conditions such as the welding heat input and the upsetting force, the bead shape has not been studied enough for the application to the automatic heat control. In controlling the heat input in ERW, two basic problems should be solved. The first problem is that the heat condition should be monitored precisely during welding even in changing the welding speed and the amount of upsetting. The second is that a controlling parameter, which has the one-to-one relation in a high heat condition, should be found. The authors investigated the characteristics of the bead shape4,5~ and the temperature distribution6'7} just after welding especially for heavy walled pipe. Based on these result, the heat input level is proved to be monitored on-line by using the bead shape monitoring system, and also, the new controlling parameters which measured from the temperature distribution is proved to be applicable for the automatic control of the heat input. The integrated heat control system which consists of the bead shape monitoring system and the automatic temperature distribution control system has been completed. Figure 2 shows the principle of the bead shape measurement. Projecting a slit light on the bead in an oblique angle, a light sectioning profile on the bead is generated at the intersection of the light and the pipe. The profile is received by an ITV camera and transfered to the screen of television. Table 1 shows the specification of the experimental device. In this system we have succeeded in obtaining a clear image and in improving the accuracy of the image processing of bead shape by using a laser beam. A magnetic shield and an electric noise filter are also very important to the online measurement. They are installed in this system to eliminate high frequency induction noise. As shown in Table 2 , the results indicate the accuracy of bead height and bottom width measurements to be within +0.2 mm [3c].
This system was installed in a small diameter ERW tube mi115~ and, also, in a large diameter pipe mill to investigate the bead shapes under various conditions. In the experiment the image of the bead shape was recorded by a VTR, and hardcopies were taken in order to investigate the correlations of geometrical parameters measured by the Bead Shape meter and welding conditions.
Correlation between Geometrical Parameters and Welding
Conditions Photographs 1 and 2 show the variation of the bead shape with heat input in the large diameter pipe mill. In these photographs the images of the bead shape are compared with the optical m.icrographs and the appearance of bead. Heat input conditions are classified into five stages. Symbol " Opt " is an optimum heat input in a standard condition, ` S " is a lower heat input where the cold weld does not appear and " L " is a higher heat input , where the penetrator is so small to be allowed. These conditions of heat input, " Opt ", " L ", " S " are all in the allowable range where the produced pipe commonly passes the severe quality assurance test. Outside the allowable range, " ES " means the extraordinarily small heat input and " EL " is the extraordinarily large heat input. The variation of the bead shape can be estimated clearly through the images of the Bead Shape meter. In order to find the variation of the bead shape easily, the characteristic geometrical parameters shown in Fig. 3 are selected corresponding to the heat level, metal flow angle, etc.
Under a low heat input condition (ES & S), the top of the bead splits to form a concave shape and the central bead height is lower than maximum bead height (hmax). Under an optimum heat condition (Opt) the concave disappears and the molten steel appears on the top of the bead. And under a high heat condition (L and EL), the molten steel overhangs over the top of the bead and h~ becomes unstable. In this condition the bottom width of the 
parameters with heat input. In order to distinguish the levels of heat input, the ratio of central bead height [hC/hC()], and the ratio of bottom width [B/B0] are used in the figures. " h~0 " and " Bo " are the normalizing factors. The concave shape does not appear in h~/h~o>_ 1 and the overhang of molten steel does not appear in B/Bo < 1. These figures show that the changes of bead shapes are observed clearly even in the allowable range of heat input through the geometrical parameters, h~ and B. It is worth emphasizing that the optimum welding condition can be decided by a similar manner despite the difference of the wall thickness. Figure 6 shows the weld quality with heat input. To evaluate the weld quality the ratio of weld defect area was investigated using the bending test specimen with V shaped notch just on the outer surface of the white line. The weld defect area is defined as the sum of weld defect area in the fracture surface. The plotted marks show the average of the ratio of the weld defect area. In the allowable range of heat input, the ratio of welded defect area was about 0.5 %, and the area of one weld defect is very small. In the optimum heat input the ratio of the weld defect area became 0 %, because the fracture surface did not pass the white line. According to Figs. 4 and 5, though the range of optimum heat input was approximately within ±6 kVA, it is easy to decide the optimum heat input through the bead shape. In order to keep the ratio of weld defect area 0 %, it is important to keep the optimum heat input in an narrow optimum range. With a conventional automatic temperature control system, it is unable to control the heat level within +6 kVA especially in medium and large diameter ERW pipe mill. The cause of this problem is mainly due to the characteristics of the welding temperature in a high heat condition where there is no one to one correlation between temperature rise and heat input. The bead shape monitoring system is useful for deciding and judging whether the heat input is optimum or not. Also the bead shape measurement has another feature that the cause of the instability of ERW can be detected by using this system.
Other Applications of Bead Shape Meter
From the view point of welding quality, the metal flow angle is commonly considered to be important, especially in relation to the flattening test. Usually metal flow angle is measured through an optical micrograph of the cross section of the welded part. Figure 7 shows the definition of the metal flow angle. The metal flow angle is estimated by the foot angle [ow] measured through hard copies. The data of the foot angle can be measured from all the bead shape image except for a large overhang bead. Figure 8 shows the correlation of the metal flow angle to the foot angle. The metal flow angle can be measured in this non-destructive method within + 10 deg. Figure 9 shows the measuring accuracy of geometrical parameters in image processing through the bead shape monitoring system. Though the bead In manufacturing the thin wall pipe, the waviness of the skelp edge sometimes appears. In this case, periodical changes of the maximum bead height and also a periodical movement of the pipe can easily be observed by the display, and it is easy to measure the waviness only by geometrical parameters of the bead shape using the technique of image processing. Therefore, the measuring the bead shape is effective to the quality control of the ERW operation.
Bead Shape Monitoring System
In order to measure and to monitor the bead shape on-line, the bead shape monitoring system has been developed. Figure  10 shows the schematic diagram of this system.
The detecting head is positioned between the squeeze roll stand and the bead trimmer, and the high-speed image processing and calculating system which had been developed is installed in this system. CPU time for image processing and calculating the all items in Fig. 3 III. Automatic Temperature Distribution Control 1. Necessity of Improving the Measurement of Welding Temperature In the former chapter the effectiveness of the measurement of bead shape to the synthetic quality control of ERW is shown. But the measurement of bead shape is not sufficient for applying to the automatic heat control, because the CPU time is still long even using the high-speed image processing.
The welding temperature corresponding to the heat input is a very important information, but it is difficult to measure the welding temperature on the narrow bead with conventional optical pyrometer. Figure 12 shows the relation between the heat input and the welding temperature measured using the con- 2. Measuring System for Welding Temperature Distribution Figure 13 shows the block diagram of the m.easuring system for the welding temperature distribution in an ERW mill. A silicon photodiode array [linear array] is used in a linear array camera. The brightness distribution of the measured object is focused on a photodiode array through the lens, and each photodiode element creates the electric charge. The accumulated electric charge is detected scanning in a constant cycle and the video signal is put out from the linear array camera. The video signal is transduced into a digital signal through an ADD converter and in the camera interface the welding temperature distribution is calculated. In order to decrease the error through an ADD converter, two kinds of scanning frequencies are used for calculating the high and low temperature. The result of the temperature distribution measurement is displayed in the screen and is put out for the automatic control system. Table 3 shows the specification of this measurement system.
Characteristics of C,ircumferential Distribution of the
Welding Temperature The circumferential distribution of the welding temperature in a small diameter ERW tube mill are shown in Fig. 14 . In this experiment the heat condition is in optimum and the measurement was carried out without cooling water. In this figure, " L " is the distance from the squeeze roll center in the upstream direction. At L=40 mm, measuring point is just behind the V-convergence point. At L=35 mm both the edge of the strip starts contact and this point is thought to be near the V convergence-point. At L= 30 mm, the molten steel appears on the top of the bead, and the maximum temperature is on the center of the bead. At the squeeze roll center, L=0 mm, the fluctuation of the welding temperature becomes bigger than in L=30 mm. This is thought to be caused by the oxidization of the molten steel on the top of the bead.
Then, it is necessary to consider where is the optimum measuring point for automatic heat controlling. In front of the V-convergence point, molten steel is often displaced on the edge of the strip by the electromagnetic force. In this case, the temperature distribution is made to fluctuate often by the displaced molten steel. And also far from the V-convergence point in the downstream side, the maximum temperature is fluctuating due to the oxidization of molten steel. But near the V-convergence point in the downstream side the fluctuation of the maximum welding temperature is small. Considering these characteristics, the optimum measuring point is thought to be near the V-convergence point in the downstream side. Figure 15 shows the variation of the welding temperature distribution with heat input at L=25 mm. The classification of the heat input, " S ", " Opt ", " L ", are all in the allowable range of heat input. The maximum welding temperature saturates in high heat condition, L, and this tendency is the same as in Fig.  12 . But in this condition the overhang of molten steel causes the heated width and the heated area in this chart bigger than in the heat condition, Opt.
New Parameter for Automatic Heat Controlling
From the characteristics of the welding temperature distribution, the heated width and the heated area are thought to be good controlling parameters. The heated width [mm] is defined as the circumferential length of the heated zone on the bead, where the temperature is above a threshold level. And also the heated area (°C.mm) is defined as the area of the chart of measured temperature distribution, where the temperature is above a threshold level. When the threshold level is decided for calculation of these parameters, two important points should be considered. The first point is that the maximum temperature in any size of pipe manufacturing is always bigger than the threshold level. And the second is that the threshold level should be set close to the maximum temperature of the lower heat condition, in order to get the appropriate inclination of the characteristic curve for the automatic controlling. Considering these two points, the threshold level, 1 200 °C is adopted.
Correlations of the heated area and the heated width to the heat input are shown in Fig. 16 . Each parameter has a good one-to-one relation with heat input. Figure 17 shows the relation between the heated width and the heat coefficient in various welding conditions.
Even though the pipe size and the welding speed are changed in this figure, one-to-one relation between the heated width and the heat input is always kept. Figure 18 shows the result in changing the amount of an upsetting. The heated width also has a one-to-one relation despite the difference of the amount of an upsetting. Transactions 'SIT, Vol. 26, 1986 C483)
The heated width and the heated area can be used directly in a feed back control system, but the heated width has two predominant features, though it is a simple controlling parameter.
One feature is that the calculation of this parameter is easy, and the other is that the influence of the disturbance, such as cooling water, to this parameter is smaller than to the heated area.
Automatic Temperature Distribution Control and Bead
Shape Monitoring When the new controlling parameter is used in the feed back control system, the most important problem is the method of deciding the optimum temperature distribution. These new parameters naturally have the characteristics of the temperature distribution, but the relation between the heat input and the parameter changes with the changes of welding conditions, shown in Figs. 17 and 18 . Therefore, the other method of deciding the optimum level of the new parameter is necessary. Usually, the tables or some experimental equations for deciding the appropriate heat input has been used in manufacturing.
In this way, it is effective to have the table or the experimental equations which shows the relation between optimum level of the controlling parameter and the specification of the pipe. These data can be used for the desired value in standard conditions. In manufacturing, there are many kinds of disturbances, for example, the changes of wall thickness, welding speed and amount of an upsetting, the deterioration of the impeders etc. The feed forward control system is very effective to the changes of wall thickness and welding speed, but not effective to other disturbances.
The fault of these control systems is that they do not have any judging function of the heat condition and the weld quality. The bead shape monitoring method has this function.
In the automatic temperature distribution control system, the normalized signal of the heated width is put into the feed back loop directly and this feed back loop controls the heat input to the desired value. The desired value can be changed corresponding to the changes of the heat condition by some disturbances, using the bead shape monitoring system. Figure 19 shows the comparison between the results of the automatic feedback control through the heated width and the manual control. The deviation of the heated width in manual control is rather big, but in the automatic control the deviation decreased drastically compared with the manual control. And even at a joint of the coil, the deviation of the heated width is sufficiently small in the automatic control.
Iv. Concluding Remarks
The bead shape monitoring system has been developed and the optimum heat input without weld defect can be decided and judged during welding. In the automatic heat control, the new controlling parameters based on the welding temperature distribution has been found and the automatic temperature distribution control has been completed.
These new techniques are applied to the small diameter ERW tube mill, the medium diameter ERW pipe mill and the large diameter ERW pipe mill.
And these systems are proved to be very effective to produce high quality tubes and pipes. 
